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1

SILICON BLOCK, METHOD FOR
PRODUCING THE SAME, CRUCIBLE OF

TRANSPARENT OR OPAQUE FUSED SILICA
SUITED FOR PERFORMING THE METHOD,
AND METHOD FOR THE PRODUCTION
THEREOFK

TECHNICAL FIELD

The present invention refers to a silicon block with a
monocrystalline or polycrystalline structure.

Moreover, the present imnvention refers to a method for
producing such a silicon block 1n a crystal growing process
for silicon by providing a solar crucible with a crucible base
body of transparent or opaque fused silica comprising an
inner wall, of which at least a part 1s covered by a S10,-
contaiming grain layer, the silicon being filled into the solar
crucible, the silicon being heated so as to form a silicon melt,
and the silicon melt being cooled down with crystallization
and formation of the silicon block.

Furthermore, the present invention refers to a solar cru-
cible with a rectangular shape for use 1n a crystal growing
process, the crucible comprising a crucible base body of
transparent or opaque fused silica comprising an iner wall,
and a S10,-containing layer which covers the inner wall at
least 1n part.

Moreover, the invention 1s concerned with a method for
producing a solar crucible with a rectangular shape for use
in a crystal growing process, comprising providing a cru-
cible base body of transparent or opaque fused silica which
comprises an mner wall, providing a dispersion containing
amorphous S10, particles, applying a S10,-containing slip
layer with a layer thickness of at least 0.1 mm to at least a
part of the mner wall by using the dispersion, drying the slip
layer so as to form a S10,-containing grain layer and
thermally densifying the S10,-containing grain layer so as to
form a diffusion barrier laver.

PRIOR ART

Blocks of monocrystalline or polycrystalline silicon for
solar applications are fused according to the Bridgman or
Vertical Gradient Freeze (VGF) method 1n solar crucibles of
transparent or opaque fused silica.

These solar crucibles are often produced with the help of
ceramic slip methods and have a polygonal, 1n the simplest
case, a rectangular, crucible opeming. For reasons of costs
the crucibles are predominantly produced from naturally
occurring quartz raw material. Therefore, the purity of the
crucible material 1s basically less than that of synthetically
produced transparent fused silica. In the crystal growing
process at least partial heating up to temperatures above
1,410° C. 1s carried out 1nto the crucible wall. The impurities
existing in the crucible wall cause crystallization with for-
mation of cristobalite. During cooling, a structural transior-
mation known as “cristobalite jump™ leads to the destruction
of the crucible, which can thus only be used once.

During cooling the silicon block shrinks more than the
crucible. In case of adhesions to the crucible wall, stresses
and cracks may occur 1n the silicon block. This 1s countered
with separation layers of S1,N,, S1C, or the like.

Moreover, metallic impurities are also introduced from
the crucible wall into the silicon 1n the crystal growing
process. They are mtroduced by way of volume diffusion,
surface diffusion or by evaporation of volatile metal com-
pounds from the fused silica body, namely into the liquid
s1licon phase and also into the crystallized solid phase. In the
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past years the content of impurities has been reduced con-
stantly and the main impurity 1ron, which 1s also represen-
tative ol other metallic impurities such as e.g. Cr or Cu, has
been lowered from about 100 wt. ppm to 10 wt. ppm. Iron
impurities are however particularly critical as they impair
the electronic properties of the semiconductor material and
diffuse particularly easily.

Therefore, on the solidified silicon block (also called
“ingot”) one finds a region of increased Fe total concentra-
tion 1n the peripheral zone. This concentration 1s typically in
the range of 10'* to 10'° at/cm’. Under unfavorable circum-
stances the peripheral zone represents loss of material that
significantly contributes to the manufacturing costs for solar
cells. (Note: the literature frequently gives concentration
data only for the 1ron interstitially dissolved 1n the silicon
lattice, but the above data refer to the total concentration of
1iron).

The contamination can be deduced from the deteriorated
clectrical properties in the peripheral region. In the mea-
surement by means of the minorty-carrier charge carrier
litetime (LTDL) the bad region 1s shown 1n red and 1s
therefore also called “red zone”. Peripheral reglons with
reduced electrical cell ef1c1ency are detected in the pro-
cessed cell with the help of the photoluminescence mea-
surement (PL) and are visible as dark regions.

To reduce the 1nput of 1mpur1tles from the crucible wall,
the inner wall of the crucible 1s provided with diffusion
barriers. A great number of methods are known for this.

It 15 e.g. suggested 1n DE 10 2011 082 628 Al that the
bottom and the sidewalls of the crucible should be covered
with a diffusion barrier 1n the form of inserted plates of
transparent fused silica of a hugh purity with thicknesses of
¢.g. 1 mm. The plates of transparent fused silica can addi-
tionally be provided on the inside with a S1,N, layer to
simplity the removal of the silicon block.

Open gaps that must be sealed remain between the
individual plates and 1n the Peripheral region. There 1s a high
risk of breakage for the plates due to irregularities 1n the
crucible and point loads after silicon filling. Undefined
thermal transitions arise from different support gap widths.
Moreover, plates of transparent fused silica of a high purity
are very expensive. High material costs and the mounting
cllorts make the manufacturing process expensive, espe-
cially for the provision of large-volume crucibles with
widths of more than 0.5 m and wall heights of 0.25 m and
more.

EP 0 949 358 Al suggests a method for producing a
crucible, in which a wax core 1n the form of the inner wall
of the crucible 1s provided and a slip layer 1s applied thereto
by dipping, the layer contaiming fine-graimned S10,, particles
with particle sizes of 40 um as well as colloidal $10,. Fine
fused silica sand of high purity with particle sizes of around
150 um 1s sprinkled by addition onto the slip layer. Dipping
and sprinkling are repeated until a layer thickness of 3 mm
1s reached. Coarse fused silica sand with particle sizes
between 500 um and 1500 um of lower purity 1s sprinkled
alter repeated dipping into the slip. This process will, also be
repeated until a layer thickness of 8 mm 1s reached. The
layer composite produced thereby, which consists of an
iner layer and an outer layer, 1s baked at a temperature of
800° C. for 2 hours after fusion of the wax core. In the
crystal growing process 1t 1s only the inner layer that gets
into contact with the silicon, adheres to the silicon block
upon cooling and delaminates from the outer layer. The
formation of mechanical stresses 1n the silicon block 1is
thereby avoided.
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A similar method 1s also known from WO 2005/106084
Al. It describes a coating of the bottom and the mner walls
of a solar crucible base body with an aqueous slurry that
contains S10, particles of different sizes. The S10,, layer has
a thickness of up to 500 um and serves as an intermediate
layer. The surface layer as such consists of S1;N,. Adhesion
of the S10, mtermediate layer to the base body 1s deliber-
ately kept low, so that 1t delaminates during cooling and the
silicon block remains undamaged and i1s kept free from
stresses as much as possible. The low adhesion of the
intermediate layer 1s generated by conferring a certain
porosity to said layer.

U.S. Pat. No. 5,053,359 A describes a sintered crucible of
amorphous S10, powder of high purity which has added to
it as a dopant a crystallization promotor in the form of
aluminum oxide. The aluminum oxide addition eflects crys-
tallization of the crucible wall during the melting process.
Additions of crystallization promotors are also described for
fused silica crucibles that are vitreously molten 1n the arc
process, for instance m WO 2007/063996 Al. The crystal
formation primarily serves to enhance the temperature sta-
bility. It 1s also noted that contaminations arising from the

crucible wall can thereby be reduced.

DE 10 2009 049 032 B3 describes a method for producing
a component ol coated quartz glass—ifor example, a cru-
cible—by spraying a S10, containing slurry on a surface.
The slurry contains both splintery and spherical amorphous
S10, particles and 1t contains S10, nanoparticles with a
weilght fraction between 0.2 and 10% by wt. The particles
consist of at least 99.99% by wt. of S10,. The cristobalite
content 1s not more than 0.1% by wt. The slurry composition
1s optimized with respect to viscous flow for coating vertical
and inclined surfaces by spraying.

OBJECT OF THE

INVENTION

The last-mentioned patent refers to a fused silica crucible
for the crystal pulling process according to the Czochralski
method. The crucibles used therein are rotation-symmetrical
and are fused 1n an arc process. After production of the base
body a thin inner layer of high-purity S10, 1s often applied
thermally to the 1nside 1n an additional step so as to improve
the surface quality. However, on account of their polygonal
inner cross-section, the arc melting process 1s not suited for
solar crucibles.

Solar crucibles are typically solidified by sintering in a
sintering furnace. However, during sintering there is the risk
that the sintering processes for densifying the crucible wall
and possible crystallization processes overlap one another,
thereby impeding the densification of the crucible wall, with
a residual porosity remaining in the structure. In the case of
a porous structure, however, impurities can particularly
casily pass into the melting material.

These problems basically arise also during sintering of the
diffusion barrier layers produced by using particulate start
maternial according to the above-explained prior art, espe-
cially if these are thermally densified only during the crystal
growing process; thus, 1t must be ensured not only that a
sulliciently dense layer i1s created, but also that during the
heating-up phase and the early melting phase the amount of
impurities passing from the crucible wall into the melt 1s as
small as possible.

It 1s not easy to satisiy these conditions, so that cells from
the peripheral region of silicon blocks frequently still exhibit
a dark cell edge, 1.e. a zone of reduced efliciency when said
edge 1s made visible by photoluminescence measurement.
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It 1s therefore the object of the present invention to
provide a silicon block of high purity and to indicate a
method which permits an inexpensive manufacture of such
a silicon block with a low loss of material.

Furthermore, 1t 1s the object of the present mvention to
provide a solar crucible that reliably satisfies this demand.

Moreover, 1t 1s the object of the present invention to
provide an mnexpensive method for producing such a solar
crucible.

SUMMARY OF THE

INVENTION

As for the method for producing the crucible by using a
dispersion containing amorphous S10, particles, this object
starting from a method of the aforementioned type 1s
achieved according to the invention 1n
(a) that the dispersion contains a dispersion liquid and

amorphous S10,, particles that form a coarse fraction with

particle sizes 1n the range between 1 um and 50 um and

a fine fraction with S10, nanoparticles with particle sizes

of less than 100 nm, wherein the weight percentage of the

S10, nanoparticles based on the solids content of the

dispersion 1s 1n the range between 2 and 15% by wt.,
(b) and that the S10,-containing grain layer 1s thermally

densified into the diffusion barrier layer through heating-
up of the silicon 1n the crystal growing process.

For the above-explained reasons, particularly because of
the crystallization tendency of the crucible base body and
because of the high temperatures needed for densification,
the preparation of a dense diffusion barrier layer from
S10,-contaiming grain layer before the intended use of the
crucible encounters difficulties. In the method according to
the invention the S10,-containing grain layer 1s thermally
densified into the diffusion barrier layer only in the crystal
growing process.

Hence, a particular challenge of the method according to
the 1nvention consists 1 providing a S10,-containing grain
layer which 1s free of impurities, 11 possible, and which upon
heating up 1n the crystal growing process can be densified
rapidly into a diffusion barrier layer that 1s as dense as
possible. During heating up of the silicon in the crystal
growing process the crucible wall reaches temperatures
ranging between 1,370° C. and 1,450° C. The maximum
temperature on the crucible wall 1s normally just above the
melting temperature of silicon, but it may also be lower 1n
the bottom area of the crucible.

This procedure offers the advantage of avoiding thermal
stress of the crucible base body which might crystallize and
form cracks in this process. To be more specific, cracks
caused by the cooling process may arise subsequent to
possible thermal coating processes. Therefore, the formation
of the dense diffusion barrier layer during the silicon melting
process has the advantage that it 1s created without the
formation of cracks. The sintering of the green layer already
starts at relatively low temperatures; a still open-pore sinter
layer 1s first obtained. A significant densification which leads
to a closed-pore formation of the sinter layer begins above
the transformation range which, depending on the type of
transparent fused silica of the grain layer, 1s 1n the tempera-
ture range of 1,000° C. to about 1,200° C. The densified
sinter layer corresponds to the diffusion barrier layer; 1t can
relax thermally mtroduced stresses and thereby counteract
the formation of cracks. A precondition 1s that the diffusion
barrier layer 1s vitreous-amorphous and does not crystallize.
When the melting temperature for silicon is reached (1,410°
C.), the wvitreous-amorphous densified sinter layer has a
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viscosity (in the order of 10'° dPas), at which a significant
plastic deformability 1s given.

To reduce the “red zone” 1n the silicon block significantly,
small iron contents of less than 2 wt. ppm, preferably of less
than 0.5 wt. ppm, are needed. It has been found that this
requires not only a dense diffusion barrier layer, but the
density of the diffusion barrier layer must also be provided
as rapidly as possible during the heating up of the silicon
charge, 1.e. 1f possible, before the maximum temperature 1s
reached 1n the crystal growing process.

Although sintering aids or binders might contribute to a
rapid sintering of the grain layer, they would simultaneously
introduce impurities into the slip layer and thereby promote
the crystallization tendency of the layer and are therefore not
suited. Nevertheless, to achieve a rapid and reliable densi-
fication of the diflusion barrier layer, the invention provides
a particularly sinter-active grain layer. Its high sintering
activity 1s achieved by way ol a multimodal grain size
distribution 1n the case of which amorphous S10, particles
with particle sizes 1n the range between 1 um and 350 um
(coarse fraction) and S10,, nanoparticles (fine fraction) with
a weight percentage between 2 and 15% by wt. are provided.

The sintering capacity of the grain layer depends particu-
larly on the composition of the slip layer in the near-surface
region. The distribution and the amount of S10, nanopar-
ticles are here decisive. A high amount yields an increased
sinter activity that permits a thermal densification at a
comparatively low temperature or during a short sintering
period mto a glass of enhanced density and reduced porosity.
Ideally, only relatively fine S10, particles are found 1n the
near-surface region of the slip layer.

To come close to such a situation, the slip layer 1s given
suflicient opportunity to segregate e.g. during the drying
process. Within the slip layer produced, the segregation
ellects a division 1nto a lower portion adjoining the inner
wall of the crucible, 1n which the coarse fraction of the S10,
particles 1s predominantly found, and 1nto an outer portion
adjoimning the free surface of the layer, in which the fine
fraction 1s enriched. The fine fraction of the S10, particles 1s
formed by nanoparticles. Nanoparticles typically consist of
a group ol a few thousand S10, molecules and normally
have a specific BET surface area in the range of 50-400
m~/g. In contrast to the above-explained method according
to EP 0 949 358 A2, in which several sublayers are pro-
duced, a single layer application 1s enough 1n the method
according to the invention; the particles of diflerent particle
s1zes are here separated by segregation and other physical
cllects; these shall be explained in more detail hereinafter.

Within the slip layer, an immhomogeneous particle size
distribution will develop soon after application to the mner
wall of the crucible, wherein the transition between lower
and upper region 1n the green layer shows a perceivable
shape under the microscope (the dried slip layer 1s here
called green layer). Decisive parameters for a successiul
segregation are:

The 1nitial liguid content of the slip—the content should
be suiliciently high, preferably at least 20% by wt., to
ensure an adequate mobility of the S10, nanoparticles
within the slip layer.

The manner how the slip layer 1s applied. The layer 1s
preferably built up not successively in several sublay-
ers, as 1s ¢€.g. the case when the slip layer 1s sprayed on
(“Aufsprihen™), but 1s produced in one operation,
preferably by casting or spraying on (“Aufspritzen”™)
and with a minimum thickness of 0.1 mm, preferably a
minimum thickness of 0.3 mm. This provides, on the
one hand, a sufliciently large reservoir of S10, nano-
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particles, and an excessively fast drying, of the layer 1s
on the other hand prevented, which may counteract
adequate segregation. When the layer 1s applied by
casting or spraying on (“Aufspritzen”), the slip 1s
applied either as a continuous jet, 1.e. without division
into individual drops, or with such a small division
pulse that a reduction of the drop diameter of the slip

below 1ts balance size i1s avoided; 1t 1s at least 1 mm.

Theretfore, the liquid content of the slip 1s not signifi-

cantly reduced when the slip layer 1s applied. The slip

layer 1s here preferably given i1ts end shape under the
action of a tool, such as a doctor blade, a brush, an
injection nozzle or a spatula. Through the spreading
action of the processing tool the layer surface gets
slightly more liquid, which facilitates the enrichment of
S10, nanoparticles also 1n the case of a relatively low
ligquid content. In this connection spray coating 1in
comparison with casting or spraying on (“Aui-
spritzen’”) shows another disadvantage because due to
the mechanical pulse during spraying suspension drops
with small drop diameters are formed, 1n the case of
which drying inevitably already starts in the flight
phase to a considerable extent. The liquid content of,
the slip layer formed by spraying therefore differs
considerably from that of the imitial slip. The loss of
liquid cannot be easily compensated by raising the
mitial liguid content because of the segregation ten-
dency that 1s then increasing.
An amount of S10, nanoparticles that 1s high enough to
cilect a 51gn1ﬁcant enrichment in the outer region of the
slip layer—in the slip 1f 1s in the range from 2 to 15%
by wt. and preferably less than 10% by wt. In contrast
to the spray layer which 1s distinguished by a substan-
tially homogeneous distribution of the particle sizes
over the layer thickness, the slip layer 1s preferably
inhomogeneous as 1t shows an inhomogeneous 1rregu-
lar course of the particle size distribution over the layer
thickness, with an enrichment of S10, nanoparticles 1n
the near-surface region. In ceramic process engineer-
ing, these near-surface regions are also called “casting
skin” and are often considered to be an indication of an
undesired 1 homogeneity of the slip layer and are
normally removed. Due to this enrichment the green
layer can however be dense-sintered more easily and
rapidly than without 1t. This means that dense sintering
requires a lower sintering temperature and/or a short-
ened sintering duration than 1n the case of a slip layer
with a homogeneous particle size distribution. At very
great amounts of S10, nanoparticles one can observe a
tendency to the formation of cracks during drying or
sintering.

The way how the dispersion liquid 1s removed—this 1s
preferably done at a slow pace and 1n a targeted manner
in the direction of the free surface, so that the escaping
liquid can entrain S10, nanoparticles upwards into the
outer region. Preferably, the slip layer 1s dried in that
the dispersion hiquid 1s removed at a rate and 1n a
direction 1n such a manner that under the action of the
withdrawing dispersion liquid the fine fraction 1s
enriched 1n the outer region of the slip layer, while
forming a “casting skin”, as shall be defined hereinafter
in more detail.

A particularly homogeneous, dense and sinter-active near-
surface volume portion with a relatively great amount of
S10, nanoparticles 1s thereby produced within the slip layer,
the amount being higher than the average amount of the
510, nanoparticles 1n the slip layer.
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The enrichment of the finer S10, particles and particularly
of the fine fraction on the surface of the slip layer 1s visually
perceivable as skin formation, which i1s here also called
“casting skin™. Visually, the slip layer possibly appears to be
covered by a wax layer.

The casting skin 1s also visible after drying (in the green
layer). The surface region of the green layer that shows a low
porosity 1s here regarded as the casting skin. The thickness
of said skin 1s preferably in the range of 3 to 15 um,
particularly preferably in the range of 5 to 10 um. Further-
more, the casting skin 1s distinguished i1n that the fine
fraction consisting of S10, nanoparticles with particle sizes
of less than 100 nm accounts for a volume proportion of the
casting skin of more than 70%, preferably a volume pro-
portion of more than 80%.

Normally, the S10, nanoparticles are present in the cast-
ing skin not in 1solated form, but 1n the form of aggregates
or agglomerates that partly or completely embed the few
S10, particles of the coarse fraction. Since the porosity of
the casting skin 1s low, the volume proportion corresponds
approximately to the weight percentage of the S10, nano-
particles. Thus, a volume proportion of more than 70% 1n the
casting skin corresponds to an enrichment by more than 10
times 1n comparison with a typical mitial slip having an
average weight percentage of about 7% or less of 510,
nanoparticles.

It has been found that such a slip layer can be sintered
reproducibly and under moderate sintering conditions (1.e.,
comparatively low sintering temperature and/or short sin-
tering period) mnto a dense, transparent fused silica layer
with a relatively low surface roughness. These moderate
sintering conditions are normally fulfilled in the intended
use of the crucible during heating of the silicon charge
before the maximum temperature 1s reached in the crystal
growing process, ¢.g. the melting temperature of the silicon
(about 1,410° C.). A low closed porosity of preferably not
more than 10% remains in the region of the former casting,
skin.

It has been found that such a thin, but dense surface layer
already constitutes an eflicient diffusion barrier particularly
for 1ron.

As 1s generally known, while S10,, nanoparticles show a
high sintering activity, which explains the comparatively
low sintering temperature, they nevertheless effect on the
other hand a high drying shrinkage at a high concentration,
namely i1n lateral direction (1n the layer plane), and can
thereby lead to delamination of the layer and to the forma-
tion of cracks. The fact that these effects do not occur 1n the
method according to the imnvention can be ascribed to a good
interlocking between and remaining green layer through the
rather large S10, particles.

The final densification of the slip layer (or the green layer,
respectively) not before the intended use of the crucible
simplifies the manufacturing process and avoids an other-
wise needed hot treatment process. Fundamentally, this does
not rule out a thermal treatment of the green layer at a
temperature below the maximum temperature in the crystal
growing process, at which a certain densification can also
take place, such as e.g. for sintering the crucible wall at a
temperature below the cristobalite formation temperature or
for burning-in a surface layer of S1,N_, which typically takes
place below 1,200° C. However, repeated heating up of the
green layer to high temperatures may lead to undesired
interactions with adjoining layer regions, so that this pro-
cedure 1s 1n principle not advantageous.

It has been found that upon use of a crucible produced
according to the invention for producing a silicon block 1n
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a Bridgman of VFG process, “red zone” and dark cell edge
are considerably reduced or avoided.

The sintering activity of the slip layer or of the green
layer, respectively, can be further enhanced 1t S10, grains of
synthetically produced transparent fused silica are used
having a hydroxyl group content of at least 50 wt. ppm.

Amorphous synthetic S10, grains are distinguished by
high purity and show a lower viscosity at the same tem-
perature 1 comparison with amorphous S10, grains that
have been produced from naturally occurring quartz raw
material. The viscosity range of natural S10,, grains that 1s
shifted towards elevated temperatures 1s partly due to the
aluminum oxide typically contained therein. Synthetic S10,
grains are largely free of aluminum oxide. By contrast,
hydroxyl groups (OH groups) additionally reduce the vis-
cosity of transparent fused silica. Thus the viscosity profile
shifts further to lower temperatures due to the use of
OH-containing S10, grains. As a consequence, the sintering
process and thus also the densification of the layer start at
comparatively low temperatures.

The S10, content of the amorphous S10, particles 1s
preferably at least 99.99% by wt. Thus the solids content of
the slip produced by using such S10,, particles consists of at
least 99.99% by wt. of S10,. Binders or other additives are
not provided. The total content of metallic impurities of the
transition elements 1s preferably less than 5 wt. ppm, par-
ticularly preterably less than 2.5 wt. ppm, and the content of
iron 1s less than 2 wt. ppm, preferably less than 1 wt. ppm,
and particularly preferably less than 0.5 wt. ppm. This 1nitial
material does not pose any risk of contamination or crys-
tallization. The cristobalite amount in the dnied S10, slip
layer (=green layer) should be not more than 1% by wt.
because, otherwise, the green layer might crystallize during
sintering, which may impede densification and lead to waste
of the crucible.

The smaller the iron content of the S10, grains, the lower
1s the crystallization tendency of the grain layer during
sintering and the smaller 1s the mput into the silicon melt.
The total iron content of the grains 1s therefore preferably
less than 2 wt. ppm, preferably less than 1 wt. ppm, and
particularly preferably less than 0.5 wt. ppm.

The dispersion liquid preferably has an agueous basis.
The polar nature of the aqueous phase may have an advan-
tageous eflect on the interaction of the S10, particles.

It has turned out to be advantageous when the solids
content of the dispersion 1s less than 80% by wt., preferably
in the range between 70-80% by wt. and quite particularly
preferably between 74 and 78% by wit.

This 1s a relatively low solids content, as 1s e.g. typical of
spray slip. The spraying capacity requires low viscosity and
thus a low solids content. On the other hand, such a small
solids content 1s as such not desired because 1t may lead to
an increased shrinkage of the slip layer and to the formation
of cracks. The low solids content, however, makes 1t easier
to transport S10, nanoparticles into the outer region of the
slip layer, so that it 1s preferred 1n the method according to
the invention even 1f the dispersion 1s not used as a spray
slip, but another application technique 1s used, such as
spreading or application with a doctor blade on the inner
wall of the crucible, which as such would allow the use of
a dispersion having rather high solids contents.

Apart from the composition of the slip layer, the removal
of the dispersion liquid 1s an important parameter for the
formation of a dense casting skin. In this connection a
measure 1s preferably taken that has the effect that the slip
layer dries at a slower pace than without that measure.




US 9,828,691 B2

9

A slowed-down drying can be achieved in the simplest
case 1n that drying 1s carried out 1in an environment with
moisture that 1s higher than 1s normally the case or at a
comparatively low temperature. The temperature of the
substrate 1s often raised for drying, ¢.g. to more than 100° C.;
this rise 1n temperature can here be omitted. To ensure an
adequate segregation of the S10, nanoparticles on the sur-
tace and for the formation of a casting skin an 1nitial drying
period of at least 2 minutes, preferably at least 3 minutes, has
turned out to be particularly useful.

In the simplest case the crucible base body 1s a commer-
cially available solar crucible of porous transparent fused
silica or porous opaque fused silica of average purity. As a
rule, the crucible wall to be coated 1s therefore porous and
absorbent. In this case, moistening before the application of
the dispersion will be beneficial 1t a decrease 1n the drying
rate 1s to be achieved. The preceding moistening also helps
in this case to fill open or closed pores with liquid 1n
advance, so that the suction eflect thereot 1s reduced 1n the
subsequent application of the slip layer, for the withdrawal
of the dispersion liquid should take place as completely as
possible towards the free surface, so that S10, nanoparticles
can be entrained by the liquid 1n that direction. In the case
of a suction eflect due to pores, S10, nanoparticles would be
transported away 1n the opposite direction. That 1s why the
conceivable alternative, namely a raising of the liquid pro-
portion of the dispersion for compensating for the suction
cllect, 1s quite ineflective and could moreover lead—be-
cause of the very great liquid proportion—to instability of
the dispersion. The liquid for moistening the coating area 1s
the dispersion liqud or another liquid. The porous coating
area ensues €.g. from the porosity of the crucible base body
or from the porosity of a surface layer of the crucible base
body.

The absorbent crucible base body leads to a particularly
intimate bond with the slip layer and the diffusion barrier
layer to be produced theretrom. This facilitates the applica-
tion of a uniformly thick slip layer, especially also on
corners and edges and contributes to a homogeneous heat
transition on the whole crucible surface.

It has also turned out to be advantageous when the slip
layer 1s mechanically compacted or densified. Densification
can be carried out directly upon, application of the slip layer.
Suitable methods produce compressive or shear forces in the
layer, e.g. spreading or application with a doctor blade. With
a mechanical densification the existing gap volume between
the S10, particles 1s reduced 1n size and the dispersion liquid
contained therein 1s pressed out, thereby collecting on the
tfree surface. In this process 1t can entrain S10, nanoparticles
and transport them to the surface of the slip layer. A liquid
film which contains S10, nanoparticles and which tends to
form a casting skin during drying 1s thereby formed on the
surface. Moreover, mechanical densification also yields a
more 1intimate contact of the S10, particles with one another,
which eflects an enhanced green strength of the slip layer
after drying and improved interlocking with the inner wall of
the crucible. The porosity remaining after drying of the slip
layer 1s preferably less than 15%.

It has turned out to be useful when the slip layer 1s
produced with a layer thickness of not more than 3 mm,
preferably not more than 1.5 mm.

With layer thicknesses of the slip layer of more than 3
mm-—just like, 1 the case of high weight percentages of
S10, nanoparticles of more than 10%, the risk of shrinkage
cracks during drying and sintering rises. This can be
explained by the fact that a certain penetration of the green
layer with rather coarse S10,, particles that contribute to the
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interlocking of the casting skin and thereby counteract
breakage during drying or sintering 1s important for pre-
venting the formation of cracks. Therefore, the preferred
thickness of the slip layer 1s not much higher than the D,
value of the particle size distribution in the coarse fraction
of the S10, particles. The layer thicknesses obtained after
drying of the slip layer into the green layer are advanta-
geously within the range of 0.1 to 1.5 mm, preferably 1n the
range of 0.5 to 1.5 mm, and particularly preferably in the
range of 0.7 to 1 mm.

Preferably, the coarse fraction consists of splintery, amor-
phous S10,, grains with a grain size distribution having a D,
value 1n the range between 3 um and 30 um.

The splintery S10, grains contribute to the integrity of the
slip layer and to the interlocking with the surface and
improve the adhesion thereof. The eflect regarding inter-
locking and improved adhesion 1s most easily achieved with
a specific grain si1ze distribution that has a D, value between
3 um and 30 um. A D, value of less than 3 um results 1n a
significantly increased drying shrinkage of the slip layer, and
grains having a D, value of more than 30 um counteract a
high solid density 1n the slip, which also contributes to an
increased drying shrinkage. The splintery grains are pro-
duced 1n the simplest way by grinding, preferably by wet
grinding.

Preferably, use 1s made of a dispersion that 1s free of
binders.

The entry of impurities mto the slip 1s avoided in the
absence of binders. Sintering 1s preferably carried, out
without the help of sintering aids. The layers produced
thereby are distinguished by a high punity. S10, contents of
more than 99.99% are achieved. Above all alkali elements,
which may occur either as a constituent or also as impurities
in the binder additions, lead to the formation of cristobalite
at elevated temperatures. Such devitrification processes can
impede the densification in the sintering process.

As for the solar crucible for use in a crystal growing
process, the above-indicated technical object, starting from
a solar crucible of the aforementioned type that 1s provided
with a grain layer, 1s achieved according to the invention on
the one hand 1n that the S10,-containing layer 1s formed as
a grain layer that contains amorphous S10, particles which
form a coarse fraction with particle sizes 1n the range
between 1 um and 50 um and a fine fraction of S10,
nanoparticles with particle sizes of less than 100 nm,
wherein the weight percentage of the S10, nanoparticles in
the grain layer 1s in the range between 2 and 15% by wt.

As for the punity and porosity, the crucible base body does
not have to meet high demands. In the simplest case it 1s a
commercially available solar crucible of porous transparent
tused silica or porous opaque fused silica of average purity.

The mmner wall of the solar crucible according to the
invention 1s provided with a S10,-containing grain layer
that, as intended, 1s thermally densified mto the diffusion
barrier layer only 1n the crystal growing process during
heating up of the silicon.

On account of the tendency of the crucible base body to
crystallize and because of the high temperatures, as are
fundamentally needed for the densification of a grain layer
having a high silicic acid content, the production of a dense
diffusion barrier layer from Si10,-containing grain layer
betore the intended use of the crucible encounters difficul-
ties. To sigmificantly reduce the “red zone” in the silicon
block, low 1ron contents of less than 2.5 wt. ppm, preferably
less than 0.5 wt. ppm, are needed. It has been found that this
requires not only a dense diffusion barrier layer, but also that
the density of the diffusion barrier layer upon heating up of
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the silicon charge must be achieved as rapidly as possible,
1.e. before the melting temperature 1s reached.

Although sintering aids and binders contribute to a rapid
sintering of the grain layer, they promote the tendency of the
layer to crystallization at the same time and are therefore not
suited. Nevertheless, 1n order to achieve a rapid and reliable
densification of the diflusion barrier layer, the invention
provides a very sinter-active grain layer. The high sinter
activity thereof 1s achieved by way of a multimodal grain
size distribution in the case of which amorphous S10,
particles with particle sizes in the range between 1 um and
50 um (coarse fraction) and S10, nanoparticles (fine frac-
tion) are provided with a weight percentage between 2 and
15% by wt. (weight percentages based on the solids content
of the grain layer).

The sintering capacity of the grain layer depends particu-
larly on the composition thereof 1n the near-surface region.
The proportion of S10, nanoparticles 1s here decisive. A high
proportion yields an increased sintering activity that permits
thermal densification at a comparatively low temperature or
with a short sintering period into a glass of increased density
and reduced porosity. Ideally, only relatively fine 510,
particles are found 1n the near-surface region of the grain
layer.

The above-explained method of the mnvention leads to this
kind of distribution of the S10, particles within the grain
layer by way of segregation. Within the grain layer this
produces an mnner region adjoining the mmner wall of the
crucible, 1n which the coarse fraction of the S10, particles 1s
predominantly found, and an outer region adjoining the free
surface of the layer, in which the fine fraction 1s enriched.
The fine fraction of the S10, particles 1s formed by nano-
particles.

An mhomogeneous particle size distribution i1s found
within the grain layer, with the transition between lower and
upper region being not continuous or gradual, but rather
distinct.

To achieve an adequately high amount of S10, nanopar-
ticles in the outer region of the grain layer, the amount of
S10, nanoparticles within the grain layer 1s on the whole 1n
the range of 2-15% by wt, but because of shrinkage prob-
lems 1t 1s preferably less than 10% by wit.

In contrast to standard grain layers that are distinguished
by a largely homogeneous distribution of the particles sizes
over the layer thickness, the grain layer according to the
invention 1s imhomogeneous as 1t shows a varnation in the
particle size distribution over the layer thickness, with an
enrichment of S10, nanoparticles 1n the near-surface outer
region. On account of this enrichment 1t 1s easier to dense-
sinter the grain layer than without said enrichment. This
means that dense sintering requires a lower sintering tem-
perature and/or a shortened sintering period than in the case
of a grain layer with a homogeneous particle size distribu-
tion. With very high proportions of S10, nanoparticles one
will observe a tendency to the formation of cracks during
drying or sintering.

A particularly homogeneous, dense and sinter-active near-
surface volume portion with a relatively high proportion of
S10, nanoparticles manifests 1tself within the grain layer. In
the near-surface volume portion their proportion 1s thus
higher than the mean proportion of the S10, nanoparticles 1n
the remaining grain layer.

The near-surface volume portion shows a low porosity.
The thickness 1s preferably in the range of 3-15 um, par-
ticularly preferably in the range of 5-10 um. In the near-
surface volume portion the fine fraction consisting of S10,
nanoparticles with particle sizes of less than 100 nm
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accounts for a volume proportion of more than 70%, pret-
erably a volume proportion of more than 80%.

It has been found that such a grain layer can be sintered
reproducibly and under moderate sintering conditions (1.¢.,
comparatively low sintering temperature and/or short sin-
tering period) into a dense, translucent fused silica layer with
a relatively low surface roughness. These moderate sintering
conditions are regularly met in the intended use of the
crucible during heating of the silicon charge before the
maximum temperature 1s reached in the crystal growing
process, €.g. the melting temperature of the silicon (about
1,410° C.). A thin layer with a low and closed porosity of
preferably not more than 10% remains here 1n the area of the
former near-surface volume portion. This percentage value
approximately marks the transition between open porosity
(>>10%) and closed porosity (<10%). Therefore, a material
with a porosity of less than 10% 1s here called “dense”. It has
been found that such a thin, but dense surface layer already
represents an efhicient diffusion barrier for iron.

The final densification of the grain layer only during the
intended use of the crucible simplifies the manufacturing
process and avoids an otherwise needed hot treatment pro-
cess. This does not rule out that the grain layer has already
been subjected to high temperatures before, e.g. for sintering,
the crucible wall at a temperature below the cristobalite
formation temperature or for burning-in a surface layer of
S1,N,, which 1s typically done below 1,200° C. However, a
repeated heating up of the grain layer to high temperatures
may lead to undesired interactions with adjoining layer
portions, so that this 1s not preferred.

It has been found that in the use of a solar crucible
according to the invention for producing a silicon block 1n
a Bridgman or VGF process, “red zone” and dark cell edge
can be reduced considerably or avoided.

It has turned out to be useful when the fine fraction within
a near-surface volume portion of the grain layer 1s enriched
such that S10, nanoparticles account for a volume propor-
tion of more than 70%, preferably a volume proportion of
more than 80%.

Normally, the S10, nanoparticles are present in the near-
surface volume portion of the grain layer not 1n isolated
form, but 1n the form of aggregates or agglomerates that
partly or completely embed the few S10, particles of the
coarse fraction. Since the porosity in the near-surface vol-
ume portion 1s small, the volume proportion corresponds
approximately to the weight percentage of the S10, nano-
particles.

Thus, a volume proportion of more than 70% corresponds
to an enrichment by more than 10 times in comparison with
the typical proportion of about 7% of S10, nanoparticles in
the near-surface volume portion of the grain layer.

Advantageous developments of the solar crucible accord-
ing to the invention follow from the sub-claims. Insofar as
developments of the solar crucible indicated in the sub-
claims copy the procedures indicated in sub-claims with
respect to the production method according to the invention,
reference 1s made for supplementary explanation to the
above statements regarding the corresponding method
claims.

On the other hand, the above-indicated technical object of
the 1nvention 1s achieved with respect to the solar crucible
for use 1n a crystal growing process starting from a solar
crucible of the atorementioned type provided with a grain
layer, also 1n that the S10,-containing layer 1s configured as
a diffusion barrier layer which has a porosity of less than
10%, a thickness in the range of 0.1-1.3 mm, and a content
of 1ron of less than 2 wt. ppm.
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In this embodiment of the solar crucible according to the
invention, the S10,-containing layer 1s configured as a dense
diffusion barrier layer. Density 1s given when the diffusion
barrier layer 1s dense at least 1n a near-surface region, in the
sense that the near-surface region shows no open porosity,
but at best closed porosity.

Open porosity of a material manifests itself 1n that it 1s
absorbent, which can be verified by way of a dye penetration
test. The absence of open pores 1s assumed 1n the case of a
porosity of less than 10%. Therefore, a material with a
porosity of less than 10% 1s here called “dense”. The dense
diffusion barrier layer—without open porosity—reduces the
comparatively rapid surface diffusion—especially of iron
and permits only the comparatively slower volume diffu-
S1011.

To enable the diffusion barrier layer to be operative as
such, 1t 1s enough when the dense near-surface region has a
thickness of a few micrometers. Thus, for instance a thin, but
dense surface region of the diffusion barrier, layer of less
than 100 um or even less than 80 um already represents an
cilicient diflusion barrier for iron. The thickness of the dense
sintered diffusion barrier layer on the whole 1s however
much greater due to the manufacturing process and is 1n the
range of 0.1-1.3 mm, preferably in the range of 0.4-1.3 mm,
and particularly preferably in the range of 0.6-0.9 mm.

Moreover, the diflusion barrier layer has low 1iron contents
of less than 2.5 wt. ppm, preferably of less than 1 wt. ppm,
and particularly preferably of 0.5 wt. ppm.

It has been found that upon use of the solar crucible
according to the invention for producing a silicon block 1n
a Bridgman or VGF process, both the “red zone” in the
silicon block and the “dark edge” can be reduced signifi-
cantly or avoided.

As for the method for producing a silicon block 1n a
crystal growing process by providing a solar crucible with a
crucible base body of transparent or opaque fused silica
comprising an inner wall, of which at least a part 1s covered
by a S10,-containing grain layer, the aforementioned tech-
nical object 1s achieved according to the invention 1n that use
1s made of a solar crucible 1n which the grain layer contains
amorphous S10, particles that form a coarse fraction with
particle sizes 1n the range between 1 um and 50 um and a fine
fraction of S10, nanoparticles with particle sizes of less than
100 nm, wherein the weight percentage of the S10, nano-
particles on the grain layer 1s in the range between 2-15% by
wt., and that the S10,-containing grain layer 1s thermally
densified upon heating up of the silicon.

In the simplest case the crucible base body 1s a commer-
cially available solar crucible of porous transparent fused
s1lica or porous opaque fused silica of average purity. The
inner wall thereof 1s provided completely or partly with a
S10,-contaiming grain layer in advance, 1.e. betore the filling
in of a silicon charge. The above-explained manufacturing
method 1s suited for the production of the solar crucible
provided with the grain layer. Optionally, the grain layer can
additionally be covered with a releasing agent layer, e.g.
with S1;N, as the releasing agent.

After loading with the silicon charge the solar crucible 1s
heated up in the standard way. Depending on the crystal
growing method, the filled-1n silicon 1s completely fused, or
only a silicon melt 1s produced above a solid seed crystal
arranged on the crucible bottom. In the last-mentioned case,
the bottom region of the solar crucible 1s kept at a tempera-
ture below the melting temperature of silicon, e.g. at a
temperature of 1375° C. The heating energy 1s normally
coupled 1n via resistance heaters which are arranged outside
the solar crucible and which form a plurality of heating
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zones that can be adjusted separately. After homogenization
of the melt the cooling phase begins to start an oriented
crystallization.

During the heating-up phase, the grain layer 1s dense-
sintered. Densification 1s 1deally completed before the maxi-
mum temperature 1s reached. It has turned out to be usetul
when the grain layer has reached a density of more than
90%, preferably at least 93%, of 1its theoretical density
betore the silicon melt 1s formed.

The dense-sintered grain layer forms an eflicient diffusion
barrier layer; 1t reduces the in-diffusion of impurities from
the crucible wall mnto the silicon melt and the evolving
s1licon block.

In the fusion and crystallization process the contaminated
opaque fused silica of the crucible base body crystallizes
into cristobalite, whereas the grain layer remains vitreous.
During cooling the phase transformation of the cristobalite
and the associated volume change of 2.8% leads to a
breakage of the base body.

The silicon block of the invention which has been pro-
duced according to the above-explained method using a
diffusion barrier layer with the help of a Bridgman or VGF
process 1s distinguished by low material losses. In compari-
son with a standard process without diffusion barrier layer,
both the “red zone” and the “dark edge” (determined with
the measurement methods LTLD and PL specified at the
outset) are significantly reduced.

PREFERRED

EMBODIMENTS

The mvention will now be explained 1n more detail with
reference to embodiments and a drawing. In detail,

FIG. 1 shows an SEM 1mage of a sintering sample of a
fused silica plate with an S10,, barrier layer applied thereto
as a slip, after a sintering period of 3 h at 1,300° C.,

FIG. 2 shows an SEM 1mage of a sintering sample of a
fused silica plate with an S10,, barrier layer applied thereto
as a slip, after a sintering period of 3 h at 1,500° C.,

FIG. 3 1s a photo of a green layer 1n a reference sample,

FIG. 4 1s a schematic representation showing a fused
silica crucible provided with a grain layer according to the
invention, 1n a side view,

FIG. 5 1s an MDP (microwave detected photoconductiv-
ity) 1mage of the charge carrier lifetime 1n a typical silicon
block, cut vertically,

FIG. 6 shows a comparison of the thicknesses of lateral
in-diffusion layers determined by means of MDP measure-
ments, 1 silicon blocks produced by means of solar cru-
cibles with and without diffusion barrier layer,

FIG. 7 shows results of photoluminescence measurements
of silicon cells from the comer portion, produced with and
without diffusion barrer layer,

FIG. 8 1s a diagram with concentration curves of the total
iron concentration, measured on several polished structural
samples 1n a direction transverse to the layer, and

FIG. 9 15 a diagram with results of GDMS measurements
on silicon blocks.

PREPARATION OF A SIO,SLIP—FIRST
ALTERNAIIVE

Amorphous transparent fused silica grains are mixed into
a dispersion liquid mm a drum mill lined with transparent
fused silica. The transparent fused silica grains consist of
transparent fused silica that has been produced from natu-
rally occurring raw material and have grain sizes in the range
between 250 um and 650 um. This mixture 1s ground by
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means of grinding balls of transparent fused silica on a roller
block at 23 rpm for a period of 3 days such that a homo-
geneous slip 1s formed. In the course of the grinding process
the pH 1s lowered to about 4 due to the dissolving S10.,,.

The S10,, grain particles obtained after the grinding of the
transparent fused silica grains are of a splintery type and
show a particle size distribution that 1s distinguished by a
D, value of about 8 um and by a Dy, value of about 40 um.
S10, nanoparticles with diameters of about 40 nm (*“fumed
silica”) with a weight percentage of 10% by wt. (based on
the solids content of the dispersion) are added to the homo-
geneous slip. After further homogenization a binder-free
S10,, slip 1s obtained. The solids content of the dispersion 1s
75% by wt.; the S10, content of the amorphous Si10,
particles 1s at least 99.99% by wt., and the total content of
metallic impurities of the transition elements 1s less than 2.5
wt. ppm. The content of iron 1s below 0.5 wt. ppm.

PREPARATION OF A 510, SLIP—SECOND
ALTERNAITIVE

Instead of the transparent fused silica grains of naturally
occurring raw material, use 1s made of S10, grains of
synthetically produced transparent fused silica that has a
hydroxyl group content of about 800 wt. ppm. These S10,
grains are commercially available 1n a high-purity form and
in different grain sizes. The S10, content of the amorphous
S10, particles 1s at least 99.99% by wt. and the total content
of metallic impurities of the transition elements 1s less than
1 wt. ppm. The content of 1ron 1s below 0.1 wt. ppm.

The dispersion of deionized water and, amorphous S10,
grains with a mean particle size of about 15 um (D, value)
1s homogenized without grinding balls. S10, nanoparticles
with diameters of about 40 nm (*“fumed silica™) are added to
the homogeneous slip. After further homogenization a
binder-free S10, slip 1s obtained, in which the S10, nano-
particles have a weight percentage of 8% by wt. (based on
the solids content of the dispersion), the total solids content
of the dispersion being 75% by wit.

Preliminary Test—Sample 1

The crucible material of opaque fused silica has an open
porosity and forms an absorbent substrate for slip casting.
On this material (body), a slip layer 1s produced from the
binder-free slip by application with a doctor blade (also
called “casting”). In this process a S10, slip layer with a
thickness of about 1 mm 1s applied with a doctor blade onto
the horizontally supported plate, and directly thereaiter a
mechanical pressure 1s exerted on the slip layer by means of
the doctor blade device.

A thin liquid film forms on the densified slip layer applied
in this way and a homogeneous and closed surface layer 1s
formed during subsequent surface drying in air.

This creates a body structure which macroscopically leads
to the formation of a dense layer of uniform thickness which
as a green layer and also as a sinter layer in the sintered state
forms an intimate adhesive bond with the crucible substrate.
A high segregated fine fraction in the upper portion of the
layer (casting skin) can be seen under the microscope.
Within, the casting skin, the fraction of fine S10, particles
and particularly of S10, nanoparticles 1s much higher than 1n
the remaining slip layer.

The manner of applying the complete layer thickness in
one operation provides, on the one hand, a sufliciently large
reservoir ol S10, nanoparticles, which 1s suited for segre-
gation on the surface, and an excessively fast drying of the
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layer 1n air 1s prevented on the other hand, which otherwise
would counteract segregation and formation of the casting
skin. Consequently, this leads to a slower drying of about 3-3
min and a solidification of the slip layer into the supporting
layer which permits the formation of a substantially smooth
casting skin.

During casting the slip layer 1s given 1ts final shape by the
action of a tool, such as a doctor blade, a brush, a spatula,
or an outlet nozzle from which during application a con-
tinuous slip jet exits. Owing to the spreading action of the
processing tool the layer surface becomes slightly more
liquid, which facilitates the enrichment of S10, nanopar-
ticles also at a comparatively low liquid content. This
outcome, 1.€., no significant reduction of the liquid content
of the slip, can also be expected from other application
techniques (such as spraying on (“Auispritzen”)), in which
the slip layer 1s produced with 1ts whole thickness at once
and without division 1nto fine drops of less than 1 mm.

The slip layer produced in this way 1s dried within 3
minutes mto a supporting layer and subsequently dried—
still at a slow pace—by being allowed to stand 1n air for 1
hour. The casting skin 1s here given a wax-like appearance.
The complete drying 1s carried out 1n air for 4 to 8 hours by
using an IR radiator.

The dried slip layer has a mean thickness of about 0.8
mm. It 1s also called *“green layer”. The S10, nanoparticles
enriched 1n the surface region of the green layer show a high
sinter activity and improve the densification of the layer.
FIG. 1 shows the layer produced in this manner after
sintering for three hours 1n a sintering furnace at a tempera-
ture of around 1,300° C. Complete densification 1s not yet
achieved 1n this process. The rough rugged fracture surface
with many finely distributed pores can clearly be seen.

By comparison, FIG. 2 shows the appearance of a similar
sinter layer after sintering for three hours at an elevated
temperature of 1,500° C. A crack-free and substantially
smooth, strongly densified and vitrified fracture surface of
opaque fused silica with a density of about 2.1 g/cm’ is
obtained. The surface layer shows a closed porosity of less
than 5% and a thickness of about 750 um. (Note: The
transition from open to closed porosity 1s 1n the range of
5-10% according to the literature).

Neither the layer of FIG. 1 nor the layer of FIG. 2 hints
at possible crystallization products, neither in the 1side nor
on the surface.

The high sinter activity of the grain layer produced
according to the invention 1s apparent from the details given
in Table 1. Here, sinter duration and sinter temperature and
the respective sinter result are summarized 1n a crosstab.

TABLE 1
0.5h 1 h 3h 5h
1,300° C. opaque/porous opaque/porous opaque/ opaque/
porous pOrous
1,350° C. opaque/porous opaque/porous opaque/ opaque/
porous pOrous
1,375° C. opaque/porous opaque/porous translucent/ translucent/
dense dense
1,400° C. translucent/ translucent/ translucent/
dense dense dense
1,450° C. translucent/
dense

“Opaque/porous” means that the necessary density of the
layer 1s missing and that this layer 1s not suited as a diffusion
barrier layer within the meaning of the invention. The
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porosity 1s more than 10% and the density 1s less than 90%
of the theoretical density of transparent fused silica (about
2.2 g/em?).

“Iranslucent/dense” means that the densified sinter layer
has a density of at least 90%, preferably at least 95%, of the
theoretical density, so that 1t 1s suited as a diffusion barrier
layer within the meaning of the invention.

In crystal growing processes the crucible wall 1s heated up
to temperatures 1n the range between 1,375° C. and about
1,450° C. On the assumption that when a silicon charge 1s
heated up 1n a crucible, at least one hour will typically pass
until the maximum temperature 1s reached, the grain layer
normally has the status “translucent/dense” and has thus
reached a density of at least 95% of its theoretical density.
This 1s only true to some extent for the maximum tempera-
ture of 1,375° C. which the crucible bottom has in the
so-called “‘quasi mono process”. In this case the desired
density of the grain layer will only be reached after 3 hours.

Reference Example—Sample 2

The above-described, binder-iree S10, slip has a low
viscosity and can be used as such directly as a spray slip. In
a test this slip was used for producing a spray coating on the
absorbent, opaque fused silica body with open porosity.

For coating purposes the opaque fused silica plate was
introduced 1n horizontal orientation 1nto a spay chamber and
the top side was successively provided by spraying of the
slip with a supporting S10,, slip layer having a thickness of
about 0.7 mm. A spray gun which 1s continuously supplied
with the spray slip was used for this purpose.

A rough and rugged surface layer 1s formed on the
successively applied slip layer during subsequent surface
drying in air within one minute. This result 1s at any rate
partly due to the fact that the drying of the slip layer took
place so rapidly because of the porous substrate that a
segregation of the fine fraction in the upper region of the slip
layer was not possible, so that a dense and closed casting
skin could not form.

The further drying process then took place at a slow pace
in that the slip layer was allowed to stand 1n air for eight
hours. Complete drying 1s carried out in air for 4 hours by
using an IR radiator.

This yields a rough and cracked inhomogeneous surtace
layer of opaque, porous fused silica which has the appear-
ance shown 1n FIG. 3.

The dried green layer could subsequently be sintered 1n a
sintering furnace at a temperature of about 1,410° C. 1into a
densified sinter layer of translucent fused silica with a
density of about 2.0 g/cm”. This density is still acceptable
for a diffusion barrier layer.

Coating of a Crucible

The coating of a commercially available opaque fused
silica crucible 1, produced from transparent fused silica of
naturally occurring raw material, took place in a multistage
setup, which 1s schematically shown in FIG. 4.

The S10, grain layer 2 to be formed for the diffusion
barrier 1s applied on all sides (bottom and sidewalls) to a
pre-moistened inner wall of the crucible 1 of porous opaque
fused silica which 1s temperature-controlled to room tem-
perature. Layers of different thickness and geometrical
design can thereby be produced. In the embodiment the
grain layer was produced by using the above-described S10,
slip layer—irst alternative—and on the basis of the method
described 1n the preliminary test—sample 1—for applica-
tion (by doctor blade) and drying of the slip layer. The green
layer (=grain layer 2) produced 1n this way shows a largely
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uniform average thickness of about 0.8 mm after drying. The
thickness of the diffusion barrier layer obtained therefrom
alter sintering (in the crystal growing process) 1s about 10%
smaller and 1s thus about 0.7 mm. After application of said
grain layer 2 the layer was coated with a suspension of
silicon nitride, silica and DI water (layer 3).

The coated opaque fused silica crucible was used 1n a
crystal growing process which shall be explained 1n more
detail hereinafter. The grain layer was here sintered and thus
thermally densified mto a dense diffusion barrier layer with
a mean thickness of about 0.6 mm.

Production of a Silicon Block

Crystal growing for producing a silicon block was carried
out by using the coated opaque fused silica crucible and
otherwise 1n a standard process as e.g. described in DE 10
2005 013 410 B4.

During heating in the crystal growing process a densified
S10,, barrier layer with an average thickness of about 0.6 mm
and a porosity of less than 10% evolves from the grain layer.
This barrier layer shows no open porosity and 1s efliciently
active as a diffusion barrier layer with respect to the fast
surface diffusion of impurities, especially of iron.
Measurement Results

FIG. 5 shows a typical cross-section of the silicon block,
measured by means of “MDP” (“microwave detected pho-
toconductivity”). With this measurement method the minor-
ity charge carrier lifetime (L'TLD) 1s determined 1n a semi-
conductor material. The minority charge carrier lifetime 1s
normally illustrated 1n a false-color representation—in FIG.
5 the 1llustration 1s kept 1n gray scales and the gray values
correspond to the actually colored regions supplemented
with the details “g” (green) “b” (blue) and “r” (red). A long
charge carrier lifetime 1s assigned to the green and blue
measurement points. The false-color representation 1s scaled
such that the red color 1s assigned to the zones with a short
charge carrier lifetime (LTLD<6 us). Thus, the zones col-
ored 1n red represent the in-diffusion zones with short charge
carrier lifetime. They represent the inferior material region,
which 1s here called “red zone”. The cake thickness to be
removed depends on the thickness of the red zone.

The “red zone” can clearly be seen on the bottom and 1n
the lateral block regions; 1t 1s here predominantly caused by
solid-state diffusion of impurities from the solar crucible.

The diagram of FIG. 6 shows a comparison of the
in-diffusion zones made visible by way of MDP measure-
ments for a silicon block from a crucible without diffusion
barrier layer (measurement series (a)) and for a silicon block
from a crucible with diffusion barrier layer (measurement
series (b)). On the ordinate, width d of the lateral in-diffusion
zone which 1s measured at several height positions of the
silicon block 1s here respectively plotted (in mm). The
measurement points of about the same height position of
both measurement series are respectively represented as
triangles, circles and squares.

It 1s apparent therefrom that 1n the silicon block from the
crucible with diffusion barrier layer (measurement series b)
both the lateral in-diffusion zone on the whole and the area
of short charge carrier lifetime (red zone) are comparatively
thin.

FIG. 7 shows representatlens of processed corner waiters
in which the cell efliciency 1s made visible by way of
photoluminescence. The two corner walers are taken from
s1licon blocks of the same block height. The water shown 1n
figure (a) dertves from a silicon block which was produced
in a crucible without diffusion barrier. The corner wafer
shows two dark edge regions that have a lower charge carrier
concentration due to harmful in-diffusion. The corner water
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according to figure (b) derives from a block with diffusion
barrier. In this wafer, the dark edge region 1s much smaller.

In the 1ron concentration profiles of FIG. 8, the concen-
tration of iron C., 1s plotted 1n wt. ppm against the mea-
surement position P (in um). The profiles were measured on
polished cross sections of the coated crucible after comple-
tion of a crystal growing process.

The total concentration of the iron contamination was
determined by inductively coupled plasma mass spectroms-
etry (ICP-MS). The samples designated with “SL1” and
“SL2” were prepared by means of crucibles with slip-based
diffusion barrier layer according to the invention. In the
comparative sample designated with “PLA”, the diffusion
barrier layer was produced by using insertion plates of
transparent fused silica, as described 1n the above-mentioned
DE 10 2011 082 628 Al. The value zero on the x-axis marks
the boundary between the crucible wall (substrate S) and the
respective diffusion barrier layers (L).

It can be seen that the diffusion barrier layers L after the
S1 melting process show much lower Fe concentrations than
the crucible material (substrate). A diffusion profile 1s per-
ceivable. The higher concentration level of the slip-based
layers (SL1 and SL2), which originally during application
were much purer (Fe level about 0.2 wt. ppm, 1.e. similar to
the concentration level of the plate sample), 1s noteworthy.
This 1s an indication that a certain enrichment with Fe that
penetrates through the whole layer already occurs during the
heating up or densification, respectively, of the sample. This
leads to an essential technical demand for a densification of
the layer that 1s as fast as possible.

It 1s noteworthy that the S10, 1mitial slip has a Fe initial
concentration that corresponds approximately to the asymp-
totic level of the S10, plate material (“PLA”). The fact that
the Fe concentration level after the melting process has risen
slightly above 1 ppm 1s indicative of an enrichment of the
whole layer during the densification process. Since 1t must
be presumed that the layer which 1s strongly densified at the
end probably shows a similar behavior as the plate material
that 1s dense right from the beginming, this i1s 1 support of
the assumption that the mitial porosity promotes this enrich-
ment, and of the conclusion that the material should densify
at temperatures that are as low as possible (below 1410° C.).

FIG. 9 shows results of a GDMS measurement (glow
discharge mass spectrometry) for a silicon reference block
(called “Ref”) produced without a diffusion barrier layer and
a silicon block (called “SL””) produced with a diffusion
barrier layer according to the mvention, by way of compari-
son. On the ordinate of the diagram, the respective metal
content (1ron, copper) C, . 1s here plotted in wt. ppm on a
logarithmic scale against the distance A (in mm) from the
crucible wall. It 1s apparent therefrom that the metal con-
centration 1s decreasing with an increasing distance and that
a reduction of the 1ron and copper content in the finished
silicon block could be achieved by using the S10,, diffusion
barrier. It 1s striking that in the sample according to the
invention with a diffusion barrier layer for iron (SL-Fe) 1t 1s
not only the edge concentration but also the whole profile
that 1s clearly lower than in the reference sample (Ret-Fe)
without diffusion barrier layer.

The invention claimed 1s:

1. A method for producing a solar crucible with a rect-
angular shape for use i a crystal growing process for
silicon, the method comprising;:

providing a crucible base body of transparent or opaque

fused silica comprising an inner wall;

providing a dispersion containing amorphous S10, par-
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applying a S10,-containing slip layer with a layer thick-
ness of at least 0.1 mm to at least a part of the imnner wall
by using the dispersion;

drying the slip layer so as to form a S10,-containing grain

layer having a casting skin; and

thermally densifying the S10,-containing grain layer so as

to form a diffusion barrier layer,
wherein the dispersion contains a dispersion liquid and
the amorphous S10, particles that form a coarse
fraction with particle sizes in the range between 1 um
and 50 um and a fine fraction with S10, nanopar-
ticles with particle sizes of less than 100 nm, the fine
fraction with the S10, nanoparticles with particle
sizes of less than 100 nm accounting for a volume
proportion of the casting skin of more than 70%,
wherein a weight percentage of the S10, nanoparticles
based on a solids content of the dispersion 1s 1n the
range between 2 and 15% by wt., and
wherein the S10,-containing grain layer 1s thermally
densified into the diffusion barrier layer through
heating up of the silicon 1n the crystal growing
process.

2. The method according to claim 1, wherein the solids
content of the dispersion 1s less than 80% by wt.

3. The method according to claim 1, wherein the disper-
sion 1s free of binders, wherein the S10, content of the
amorphous S10, particles 1s at least 99.99% by wt., and
wherein a total content of metallic impurities of transition
clements 1s less than 5 wt. ppm.

4. The method according to claim 1, wherein the slip layer
1s applied by casting the dispersion onto the mner wall.

5. The method according to claim 1, wherein the inner
wall 1s moistened prior to the application of the slip layer,
and wherein the mner wall of the crucible base body 1s a
porous inner wall.

6. The method according to claim 1, wherein a green layer
obtained after drying of the slip layer has a layer thickness
in the range of 0.1-1.5 mm.

7. A method for producing a silicon block in a crystal
growing process comprising:

providing a solar crucible with a crucible base body of

transparent or opaque fused silica comprising an inner

wall, of which at least a part 1s covered by a S10,-

containing grain layer having a casting skin; and

filling the solar crucible with silicon, the silicon being

heated so as to form a silicon melt, the silicon melt

being cooled down with crystallization and formation

of the silicon block,

wherein the S10,-containing grain layer contains amor-
phous S10, particles that form a coarse fraction with
particle sizes 1n the range between 1 um and 50 um
and a fine fraction of S10, nanoparticles with particle
sizes of less than 100 nm, the fine fraction of S10,
nanoparticles with particle sizes of less than 100 nm
accounting for a volume proportion of the casting
skin of more than 70%,

wherein the weight percentage of the S10, nanopar-
ticles of the S10,-containing grain layer 1s in the
range between 2 and 15% by wt., and

wherein the S10,-containing grain layer 1s thermally
densified during heating up of the silicon.

8. The method according to claim 7, wherein before the
formation of the silicon melt, the S10,-containing grain
layer has reached a density of more than 90% of 1ts theo-
retical density.
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